Isothermal CFD analysis was performed on axially opposed rows of jets mixing with crossflow in a rectangular duct. Laterally, the jets' centerlines were aligned with each other on the top and boltom walls. The focus of this study was to characterize the effects of orifice aspect ratio and jet-to-mainstream mass flow ratio on jet penetration and mixing. Orifice aspect ratios (LIW) of 4-to-l, 2-to-l, and l-to-l , along with circular holes, were parametrically analyzed. Likewise, jet-to-mainstream mass flow ratios (MR) of 2.0, 0.5, and 0.25 were systematically investigated. The jet-tomainstream momentum-flux ratio (1) was maintained at 36 for all cases, and the orifice spacing-to-duct height (StH) was varied until optimum mixing was attained for each configuration.
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The numerical results showed that orifice aspect ratio (and likewise orifice blockage) had little effect on jet penetration and mixing.
Based on mixing characteristics alone, the 4-to-l slot was comparable to the circular orifice. The 4-to-l slot has a smaller jet wake which may be advantageous for reducing emissions. However, the axial length of a 4-to-l slot may be prohibitively long for practical application, Project Engineer, Member AIAA especially for MR of 2.0. The jet-to-mainstream mass flow ratio had a more significant effect on jet penetration and mixing. For a 4-to-l aspect ratio orifice, the design correlating parameter for optimum In recent years increased public awareness on issues such as global warming and upper aunosphere ozone depletion have sparked a growing concern over the environment. Despite the ever tightening emissions regulations, the vast majority of upper aunosphere pollutants still originate from combustion systems. To meet the increasing stringent air quality standards, low emission combustors must be developed.
One such concept being evaluated both experimentally and numerically is the Rich-burn/Quick-mix/Lean-bum (RQL) combustor l . This combustor utilizes staged burning in which the primary zone is designed to operate fuel rich at equivalence ratios exceeding one. 2 The combustion products high in carbon monoxide concentration enter the quick-mix section where mixing is initiated with bypass air. The combustion process is then completed in the lean-bum region.
In order to make the RQL combustor a viable combustor concept for low emissions, rapid and uniform mixing must take place in the quick-mix section. Recent studies have been performed that focus on identifying improved mixing concepts.3· 17 
Background
The mixing of jets in a confined crossflow has proven to have far reaching practical applications and has 2 spurred a variety of research studies over the last quarter of a century. In gas turbine combustors , jet mixing is particularly important in the combustor dilution zone.
The dilution zone is the aft zone where the products of combustion are mixed with air to produce a temperature profile acceptable to the turbine. [18] [19] [20] Dilution zone mixing studies 18 have identified two significant design parameters that influence the mixing pattern: 1) jet-to-mainstream momentum-flux ratio (J) and 2) orifice spacing-to-duct height ratio (S/H).
Optimum mixing relationships were determined to be a function of the product of S/H and square root of J for the range of conditions tested and analyzed:
One-sided injection (from the top wall only) and twosided injection (from both the top and bottom walls) were studied. The optimum mixing constants were identified as shown in Table 1 . For two-sided, axially opposed rows of jets with jets' centerlines aligned, optimum mixing was obtained when C was 1.25. The best mixing occurred when the dilution jets penetrated to about one-quarter duct height.
In contrast to conventional dilution zones, the quickmix section of RQL combustors has a larger jet-tomainstream mass flow ratio (MR~ 2.0 vs. ~ 0.5). Such a large MR for RQL combustors might necessitate the use of slots rather than holes in the combustor liner. It is unclear whether orifice aspect ratio affects jet mixing, especially at large mass flow ratios. It is also unclear if design correlations developed for MR < 0.5 are applicable to large MR (~2.0). This study sought to address these issues by a systematic computational investigation. A complete description of the cases studied and their results are discussed below.
CFD Code
The approach in this study was to perform 3-D numerical calculations on a generic geometry section.
The CFD code named CFD-ACE21 was used to perfonn the computations. The basic capabilities/methodologies in CFD-ACE include:
(1) co-located, fully implicit and strongly conservative finite volume fonnulation; The rows of orifices located on the top and bottom walls were in the same axial plane and inline in the lateral direction. The lateral calculation domain extended from midplane to midplane between the jets' 3 centerlines. Periodic boundary conditions were imposed on the lateral boundaries.
Six parametrics consisting of 31 cases were analyzed as shown in Table 2 
umerics
The following conservation equations were solved: u momentum , v momentum , w momentum , mass (pressure correction), turbulent kinetic energy (k), and turbulent energy dissipation ( E). The convective fluxes were calculated using upwind differencing, and the diffusive fluxes were calculated using central differencing. The standard k-E turbulence model was employed and conventional wall functions were used.
Convergence
All error residuals were reduced at least 6 orders of magnitude, and continuity was conserved in each axial plane to the fifth decimal. Convergence was relatively smooth requiring about 600 iterations. A converged solution required approximately 4.0 CPU hours on a CRA y -YMP computer.
Data Postprocessing
Graphics postprocessing was performed using NASA PLOTID software. 25 The only exception was Figure  11 which was processed using CFD-VIEW. 26, 27 In order to quantify the mixing effectiveness, the massaveraged spatial concentration variance of jet flow (C var ) was calculated in each axial plane. The mass-averaged unmixedness (U) is defined 28 as (2) whf're (VmT01') ~ 11l; (C; -C. vg }2 
ASlX<ct Ratio Analysis
The effect of aspect ratio variation on jet penerration is seen in Figure 9 . Note that all cases have MR of 2.0.
Presented are jet mass fraction concentrations in a lateral plane taken through the orifice centerline. StH was held constant (0.425) in the figure. For each aspect ratio case, the jets penetrate approximately one-quaner of the duct height. There are some subtle differences between 5 each aspect ratio case, the most recognizable being the difference between the square orifice (aspect ratio of Ito-I) and the other orifices. The square orifice appears to penetrate slightly less than the other orifices as evidenced by less mainstream flow in the wakes of the jets (less green behind jets). However, in general, aspect ratio has little effect on jet penetration. Figure 10 provides insight into why the square jet has slightly less penetration than the other orifices. Figure 10 presents the jet mass fraction concentrations in a vertical plane next to the top wall. Compared to the 4-10-1 and 2-10-1 slot orifices, the square orifice presents significantly more blockage to the mainstream flow. The blockage of the square orifice is 63 % as compared to 44 % and 31 % for the 2-to-1 and 4-to-1 slot orifices. If the orifice aspect ratio is further decreased, the mainstream flow would be almost totally blocked from passing between jets. Thus, the slight decrease in jet penetration for the square orifice case is probably caused by jet blockage effects. It is interesting to note that the circle orifice, although having larger frontal area (and jet blockage, 71 %), has less blockage effect on the mainstream flow than the square orifice. A possible cause of the reduced blockage effect of the circle is discussed in the next paragraph. It is interesting to note that Liscinsky 15 has experimentally shown there is minimal effect of jet blockage for circle orifices having geometric blockages less than 75%.
The effect of slot aspect ratio on jet wakes is illustrated in Figure 11 . Figure 11 presents velocity vectors in the vertical plane next to the top wall. Near the wall the jet acts like a bluff body to the mainstream flow. The mainstream flow accelerates around the jet before separating and forming a wake behind the jet. As the base area of the orifice increases, the size of the wake recirculation zone increases. Thus, the square orifice has a wake width approximately twice that of the 4-to-l slot. The wake width of the circle orifice is less than the wake width of the square orifice because the mainstream flow stays attached around the circular jet before separating. Such flow attachment may be the
.J cause of slightly greater jet penetration of the circle compared to the square orifice. Wake sizes may have an impact on emissions in quick-mix strategies.
The effect on aspect ratio on unmixedness is illustrated in Figure 12 . The unmixedness curves are presented at optimum S/H. In the orifice region there are sizable differences in the mixing between aspect ratios. The 4: I slot had the best initial mixing followed by the 2: 1, 1: 1 and circle cases. Aft of the orifices' trailing edges, the different aspect ratio curves essentially yield the same level of unmixedness.
At x/H of 0.5, Figure 12 shows that the 4: 1 slot is the most unmixed, while the 2: 1 slot is the least unmixed, and the 1: 1 slot and circle orifices are somewhere in between. Figure 13 gives insight into why the 4:1 slot is the most unmixed. Figure 13 shows the jet mass concentration contours of all four orifice shapes in an axial plane at x/H of 0.5. It can be seen that the 4: 1 jets are still entering the flowfield at x/H of 0.5, resulting in a high degree of unmixedness. The most mixed appears to be the 2: 1 slots and circle orifices. Figure 14 shows a direct comparison of unmixedness for the 4-to-l slot and circle cases. The optimum S/H for the slot is 0.375 while for the circle it is 0.425, almost the same. Aft of the slot trailing edge (x/H>0.5), the mixing levels of both orifices are identical. In the orifice region, there are some differences between orifices. At the orifice leading edge, the slot has less unmixedness than the circle, but aft of the circle trailing edge and upstream of the slot trailing edge, the circle case has less unmixedness than the slot case. From an overall unmixedness viewpoint, the circle and slot appear to be similar.
Design Correlation Constant for Optimum Mixing
Shown in Table 3 is a comparison of the design correlation constants [(StH).,fJ] for optimum mixing.
The constants are presented based on the numerical results of this study as well as based on previous experimental tests reported in the literature for low MR 6 « 0.5). For MR of 2.0, the numerically determined constant was significantly higher than for the MR of 0.25 case (2.25 vs. 1.50). The design constant based on previous experiments was 1.25 for MR less than 0.5. Thus, there appears to be a significant mass flow ratio effect
The constants were determined to be 2.25 for the 4: 1 and 2: 1 cases and 2.55 for the 1: 1 and circle cases. The design constant of 2.55 for circles is in agreement with recent isothermal experiments by Liscinsky.15 Thus, in an engineering sense, the design constants were nearly the same for the four different orifice configurations.
This result is consistent with the unmixedness and jet penetration results signifying little effect of aspect ratio.
Conclusions
A CFD parametric mixing study was performed on axially opposed rows of inline jets injected into a confined rectangular crossflow. Design variables systematically investigated were orifice aspect ratio (4-to-I, 2-to-l, I-to-l, and circle) and jet-to-mainstream mass flow ratio (2.0, 0.5, and 0.25). A constant jet-tomainstream momentum-flux ratio (J) of 36 was maintained for all simulations. Based on the numerical analysis, the following conclusions can be drawn: l. Slot aspect ratio had little effect on jet penetration and mixing. 
